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Abstract. The marine mollusc Aplysia produces an

egg-laying hormone (ELH), which induces ovulation

and acts on central neurons to effect egg-laying behavior.

ELH is synthesized in the neuroendocrine bag cells; it is

encoded by the ELH gene, one of a small family of genes,

each of which is expressed in a tissue-specific manner.

Wereview what is known about post-translational pro-

cessing of the ELH precursor, and report the isolation

and chemical characterization of t-bag-cell peptide, the

seventh peptide product of the ELH precursor to be iden-

tified to date. Amino acid compositional and sequence

analyses demonstrated that the primary structure of the

19-residue peptide is: NH; -Ser-Val-Leu-Thr-Pro-Ser-

Leu-Ser-Ser-Leu-Gly-Glu-Ser-Leu-Glu-Ser-Gly-Ile-Ser-
COOH. Several other ELH-related genes are expressed
in the atrial gland, an exocrine organ secreting into the

oviduct of Aplysia. Wereview post-translational process-

ing of these ELH-related precursors, and compare the

events to those in the neuroendocrine bag cells. Finally,

we compare the sequences of six ELH-related peptides

from Aplysia with one ELH-related peptide (caudodor-
sal cell hormone) from Lymnaea to gain insight into the

structure-activity relations of ELH at the ovotestis re-

ceptor.
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Abbreviations: A-NTP, postsignal sequence NH; -terminal peptide

encoded by the A-related gene; BCP, bag-cell peptide; B-NTP, postsig-

nal sequence NH; -terminal peptide encoded by the B-related gene;

CDCH.caudodorsal cell hormone; ELH, egg-laying hormone; AP, bag-

cell acidic peptide; A-AP, an acidic peptide encoded by the A gene; A-

ELH, an ELH-related peptide encoded by the A gene; HPLC, high-

performance liquid chromatography; HRBP, histidme-rich basic pep-

tide; PTH, phenylthiohydantom; TFA, trifluoroacetic acid.

Introduction

The control of egg-laying behavior in the marine mol-
lusc Aplysia has been particularly amenable to a multi-

disciplinary approach aimed at clarifying the cellular and
molecular bases of neuroendocrine function. The neuro-

secretory bag cells are part of the final commonpathway
leading to egg deposition in these animals. Egg laying is

initiated when the bag cells, which are located in the ab-

dominal ganglion (Coggeshall, 1967;Frazierrttf/., 1967)
and are normally electrically silent, begin to fire in a pro-

longed and synchronous "afterdischarge" that may last

30 min or longer (Kupfermann and Kandel, 1970; Du-
dek and Blankenship, 1977a, b; Pinsker and Dudek,

1977). Several peptides, including the egg-laying hor-

mone (ELH) (Table I), are released during this activity

(Stuart et a/., 1980); they may act as classical neurohor-

mones on peripheral targets, such as the ovotestis, or as

non-synaptic neurotransmitters within the abdominal

ganglion.

The peptides released by the bag cells are encoded by
a single gene, known as the ELH gene, which directs the

synthesis of a 37-kDa polyprotein precursor (Scheller et

a/., 1 983). A schematic diagram of the precursor (prepro-

ELH), as modified by recent peptide studies, is presented
in Figure 1. Processing signals in the predicted amino
acid sequence of preproELH suggest that it is post-trans-

lationally processed to generate nine or more peptide

products in addition to the signal sequence. But is this

processing scheme actually followed?

Seven of the nine peptides have now been identified in

bag-cell extracts or releasates (Table II), and each of

them, with the exception of alpha- and delta-bag-cell

peptides (-BCP, 5-BCP), has corresponded to a pre-

dicted product of the precursor. The sequence of 5-BCP
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is unusual in two respects. First, it contains the only diba-

sic sequence in the precursor that does not appear to be

cleaved during post-translational processing. Second, it

is liberated from the processing intermediate (and from

rt-BCP, which occurs next to it on the precursor) by hy-

drolysis at a single arginyl residue, the only monobasic

site to be cleaved during processing. Of course, this cleav-

age might have been predicted, since the region sur-

rounding this arginyl residue has sequence characteris-

tics that are often observed in association with cleaved

monobasic sites (Benoit et a/., 1987). Nonetheless, as a

result of these unexpected processing events, 5-BCP is 39

rather than 7 residues in length, and -BCP is 9 rather

than 40 residues in length. These observations empha-
size the importance of chemically identifying peptide

products i.e., of validating the processing steps that are

merely predicted from precursor sequences which are,

in turn, predicted from nucleotide sequence analyses of

genomic or cDNAclones.

The physiological functions of most of the bag-cell

products remain unclear, but their chemical properties

(e.g., molecular weight, NH2 -andCOOH-terminal mod-

ifications) provide important clues as to their stability in

biological fluids and thus to the kinds of function(s) that

each could serve. Alpha-BCP. for example, probably

could not act as a classical neurohormone because of its

small size and lack of NH2
- or COOH-terminal modifi-

cation (Mayeri and Rothman, 1985; Rothman et a/.,

1987); it is, in fact, rapidly degraded upon release into

the extracellular space. On the other hand, -BCP could,

and presumably does, act as a non-synaptic neurotrans-

mitter within the abdominal ganglion (Rothman et ai.

1983; Mayeri et ai. 1985; Brown and Mayeri, 1986;

Sigvardttva/.. 1986).

In this report, we describe the chemical characteriza-

tion of epsilon-bag-cell peptide (e-BCP), the seventh pep-

tide product of the ELH gene to be identified. Wealso

review the chemical characteristics of the ELH peptide

family, since this peptide is the most frequently analyzed

product of ELH-related genes and it has a well-defined

physiological function (or activity) i.e., the release of

mature oocytes from the ovotestis into the ducts of the

reproductive tract.

Materials and Methods

Bag-cell clusters and the proximal 1 cm of the pleuro-

visceral connectives were removed from A. californica

and immediately stored at 70C until they were used.

Clusters from 50 animals were heated for 3 min at 1 00C
and homogenized for 1 min (Brinkmann Polytron: set-

ting 4; 4C) in 15 ml of 1 Macetic acid containing 20

mMHC1. The extract was centrifuged (48,000 X g) for

20 min at 4C, and the supernatant chromatographed at

4C on a Sephadex G-50 superfine column (2.5 cm X 50

cm), which had previously been calibrated with molecu-

lar weight standards. Fractions were pooled based on ab-

sorbance at 280 nm, filtered (0.2 nm pore size), and the

filtrate applied to a Supelcosil Cl 8 reversed-phase HPLC
column without prior Sep-Pak purification or lyophiliza-

tion. The column was washed until the absorbance at

220 nm returned to baseline, and was then eluted at a

flow rate of 1 .0 ml/min with a gradient of Solvent A
(0.1% TFA) and Solvent B (acetonitrile containing 0.1%

TFA). One-minute fractions ( 1 .0 ml) were pooled based

on absorbance, and were subjected to amino acid analy-

sis and automated amino acid sequence analysis. Sam-

ples were hydrolyzed with 5.7 NHC1 in vacua at 107C
for 24 h, and amino acid compositional analyses were

carried out on a Beckman 6300 analyzer. The primary
structure of the peptide was determined by micro-

sequence analysis using an Applied Biosystems Model

475 A Protein/Peptide Sequencer with an on-line 120A

microbore PTH analyzer and a Model 900 data proces-

sor. The repetitive yield was 86.5%.

Results

An acid extract of heat-treated bag cells was initially

chromatographed on a Sephadex G-50 column. The

0-10-kDa peptides in fraction A, a region of low absor-

bance at 280 nm (not shown), were filtered and fraction-

ated by C18 reversed-phase HPLCusing shallow gradi-

ent conditions to optimize peptide separation. The elu-

ate was monitored at 220 nm (Fig. 2). Several fractions

occurred as relatively broad peaks, primarily due to the

shallow gradient conditions employed; however, the rel-

atively low HPLC flow rate and the large amounts of

sample loaded onto the column probably also contrib-

uted to peak broadening.

Fraction AI, which eluted from 159 through 162 min

(Fig. 2), had the following amino acid composition: Thr

(0.9), Ser (6.6), Glu (2.0), Pro (0.7), Gly ( 1 .8), Val (0.8),

He (1.0), Leu (3.8). A comparison of this composition

with the reported nucleotide sequence analysis of the

ELH gene (Scheller et ai. 1983) suggested that fraction

AI was a 19-residue peptide from the ELH precursor.

Fraction AI was subjected to quantitative micro-

sequence analysis (10.0 nmol; 20 cycles), and the result-

ing amino acid sequence (Table III) was identical to that

predicted for residues 156 through 174 of proELH
(Scheller eta/.. 1983). Following convention, this 19-res-

idue peptide was termed e-BCP. Assuming that the

COOHterminus of e-BCP was not amidated (since the

last residue was not followed by Gly in the precursor),

the calculated Mr is 1863. Approximately 2.6 j*g (1.39
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Table I

Comparison of the primary structures of bag cell, arid gland and caudodorsal cell peptides
3

ELH-related peptides 1 10 12 13 14 15 16 17

Aplysia califarnica ELHh
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Table I (Continued)

18 19 23 24 25 26 28 29 30 31 32 33 34 35

Gin He Arg Glu Arg Gin Arg Tyr Leu Ala Asp Leu Arg Gin Arg Leu Leu Glu Lys-NH 2

Gin He Arg Glu Arg Gin Arg Tyr Leu Ala Asp Leu Arg Gin Arg Leu Leu Glu Lys-NH,

Gin He Gin Ala Arg Gin Arg Cys Leu Ala Ala Leu Arg Gin Arg Leu Leu Asp Leu-NH :

Gin He Gin Ala Arg Arg Arg Cys Leu Ala Ala

Gin He Gin Ala Arg Arg Arg Cys Leu Asp Ala

Gin Lys Gin Glu Arg Glu Lys Tyr Leu Ala Asp

Leu Arg Gin Arg Leu Leu Asp Leu-NH 2

Leu Arg Gin Arg Leu Leu Asp Leu-NH,

Leu Arg Gin Arg Leu Leu Asn Lys-NH,

Gin His Trp Leu Arg Glu Arg Gin Glu Glu Asn Leu Arg Arg Arg Phe Leu Glu Leu-NH :

Each of the ELH-family genes expressed in the atrial

gland encodes a large polyprotein precursor. Two of the

precursors, preproA and preproB, are diagrammed in

Figure 1 ; the diagrams are based on nucleotide sequence

analyses of genomic and cDNA clones (Scheller et ai.

1983; Mahon et a/., 1985) and have been modified by

peptide sequence analyses (Heller et al, 1980; Nagle et

ai. 1986, 1988c; Rothman et al.. 1986). The products
that have been isolated and chemically characterized are

summarized in Table IV.

preproELH

Signal

preproB

preproA

Signal A-NTP

Figure 1. Schematic diagram of Aplysia calijornica preproELH, preproB, and preproA as predicted

from nucleotide sequence analyses of genomic and cDNAclones (Scheller et al.. 1983; Mahon el ai. 1985)

and modified by peptide studies (Nagle et al.. 1986, 1988c; Rothman et al.. 1986). Signal peptides are

represented by hatched boxes. Peptides that have been identified in extracts or releasates are indicated by
black boxes and have been labeled. Known or predicted mono-, di-, tri-, and tetrabasic cleavage sites, as

well as the Gly-Lys-Arg signal for COOH-terminal amidation, are shown. Abbreviations are denned in a

footnote on the first page of this paper.
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Table II

Pepl ides derived from Aplysia californica bag-cell preproELH"

Peptide
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Table IV

Peptides derived from the ELH-family genes expressed in the Aplysia californica a/rial gland''

215

Peptide
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related peptides did not significantly decrease biological

activity relative ioA. californica bag-cell ELH (Table I).

Other positional requirements are less clear, however.

The amino acids critical for receptor recognition and ac-

tivation are probably concentrated at positions 1-10 and

29-34, since all six Aplysia ELH-related sequences are

identical at these positions. If we extend the comparison
to include the caudodorsal cell hormone (CDCH) of the

freshwater pulmonate Lymnaea stagnalis (Table I; Eb-

berink et a!.. 1985), an interesting pattern emerges.

(CDCH is a 36-residue peptide secreted by the neuroen-

docrine caudodorsal cells during a burst of activity com-

parable to a bag-cell afterdischarge; it induces ovulation

and is homologous to ELH.) Only 13 amino acid resi-

dues are conserved in all seven peptides, and 10 of the 1 3

(77%) occur in the regions encompassing residues 1-10

and 29-34. The number increases to 11 of 13 if we in-

clude positions 1 1 and 12 in the comparison, and four

of them are charged (Asp
6

, Asp
12

, Arg
30

, Arg
3J

). These

observations strengthen the notion that the regions en-

compassing residues 1-12 and 29-34 may be important

for receptor recognition and activation, and suggest that

these positions should be modified in ELH analogs for

future structure-activity studies.
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